Urban habitats present new ecological and evolutionary challenges for animals. Noise and infrastructure often change behavior and community composition, with potential physical costs such as decreased condition. However, the underlying mechanisms driving these patterns are virtually unknown. One potential driver of condition within a species is the diversity of the gut microbiome. Here, we investigate how the urban habitat affects the gut microbiome of White-crowned Sparrows (Zonotrichia leucophrys) males using spatial analyses of land cover (impervious, scrub, grass, and trees) at the regional level and territory level in urban San Francisco, CA and nearby rural Point Reyes, California. We hypothesized that urbanization of habitats affects gut microbial composition and diversity, potentially through direct effects on diet and/or indirect environmental effects. We measured gut microbial community diversity from 16s rRNA sequences amplified from cloacal swabs. We find that the urban and rural male gut microbiomes are significantly different, such that the urban gut microbiome is more diverse than the rural gut microbiome. This relationship may be due to more variable land cover types in urban habitats as compared to rural habitats, which are mainly composed of native scrub. We do not find support for regional impervious cover affecting the gut microbiome, but the more precise territory level analyses show that higher tree cover correlates with increased alpha diversity and impervious cover correlates with relative abundances of gut microbial taxa (Unifrac beta diversity). Although some studies show that gut diversity affects physiology, our measures of body condition do not indicate a strong relationship. Our results highlight how changes in the landscape may affect the gut microbiome of animals in an ever-urbanizing world, and provide a baseline for future studies of how anthropogenic change affects communities at multiple levels.
INTRODUCTION
Anthropogenic activity has changed the course of evolution and adaptation to natural phenomena-such that since the rise of the industrial revolution, animals, plants, and microbes have faced an unprecedented ecological pressure. In recent years, many studies have investigated the consequences of anthropogenic activities on individual behavior (Slabbekoorn, 2013) , community dynamics (Francis et al., 2012) , ecosystem features (Aronson et al., 2014; Turrini and Knop, 2015) , and biodiversity management (Aronson et al., 2017) . One such important feature of anthropogenic change is the physical change in landscape (Fischer and Lindenmayer, 2007) .
Urban landscapes often have drastically different plant communities and available food sources for species that persist in cities. While species may persist, there are often physiological and behavioral consequences for individuals that can carry population level fitness consequences, both positive and negative (Fahrig and Rytwinski, 2009; Morelli et al., 2014) . For example, urban landscapes often are correlated with increased disease transmission (Dhondt et al., 2007; Robb et al., 2008) and limited native plants (Paker et al., 2014) , which can lead to decreased fitness and biodiversity. Furthermore, many behavioral changes have been noted across taxa based in urbanization gradients. Many species have acoustically adapted their vocalizations to better transmit in urban environments (Morton, 1975; Endler, 1992) , singing higher pitched, narrow bandwidth songs, or changing tempo (Parris et al., 2009; Luther and Derryberry, 2012; Slabbekoorn, 2013; Derryberry et al., 2016) . Noisy conditions , habitat quality (Evans et al., 2010; Scales et al., 2011 Scales et al., , 2013 Foltz et al., 2015) , and introduced food sources (Theimer et al., 2015) may increase aggression among individuals competing for limited resources. These discoveries in both vocal and behavioral changes are important first steps to approaching a multilevel understanding of urbanization on community function and assemblage.
While urban areas have widespread and diverse effects on "megafauna" behavior and biodiversity, the microfauna that may ultimately affect daily health or behavior of megafauna is vastly understudied (Barberán et al., 2016) . Therefore, a gap exists in our knowledge of how microbiota health of a given system is affected by urban landscapes. Microorganisms play important roles in the function of ecosystems and community diversity (McFall-Ngai et al., 2013) , and recent studies are beginning to show links between gut flora and health (Wang et al., 2011; Burcelin, 2012) or behavior in mammals (Collins et al., 2012; Sylvia et al., 2017; Sylvia and Demas, 2018) . Typically, a more diverse gut microbiome indicates a healthier host (Consortium, 2012) . Gut community is gained both through vertical transmission (mother to offspring) (e.g., Trevelline et al., 2018) and horizontally from the environment (e.g., Hird et al., 2014) . Egg-laying animals can initially inoculate eggs in ovo, as seen in five bird species and one lizard species Trevelline et al., 2018) . For birds, the egg environment in the nest is relatively sterile and inoculation at this stage depends on temperature, humidity, nest hygiene (reviewed in D' Alba and Shawkey, 2015) , and ectoparasites (Tomás et al., 2018) . Once chicks are hatched, the food fed by parents is likely to further inoculate the gut microbiome ; therefore horizontal transmission of microbes is likely to have a strong effect on gut microbiome diversity. In other words, the habitat and food source of a given organism is likely to affect the host's microbiome, which in turn affects the hosts' immunity pathways, nutrition, growth, and stress regulation (Dillon and Dillon, 2004; Ferrari et al., 2004; Henry et al., 2015; Ruokolainen et al., 2016) .
Here, we use a well-studied bird of the coastal sage scrub ecosystem of California, the white-crowned sparrow (Zonotrichia leucophrys), to investigate whether gut diversity is affected by urban and rural landscape features, and whether gut diversity affects body condition. This species is abundant both in urban San Francisco and rural Point Reyes, allowing for a natural experiment for investigating (1) whether urban and rural gut microbiomes differ; (2) whether gut microbial diversity differs with regional impervious surfaces; (3) whether territorial landscape features predict gut diversity, and (4) whether gut diversity correlates with body condition. We predict that urban and rural gut microbiomes will differ, such that native rural landscape features will be correlated to higher gut diversity. We also predict that % impervious surfaces at the regional and territorial scale will be negatively related to gut diversity, while % scrub will positively relate to gut diversity. Lastly, we predict that lower gut diversity correlates with decreased body condition (Sylvia et al., 2017; Sylvia and Demas, 2018) .
METHODS

Sampling
We mist-netted 77 Nuttall's white-crowned sparrow (Z. l. nuttalli) males, a year-round resident subspecies found in the urban bay area (N = 50) and rural Point Reyes (N = 27) of California, and took cloacal swabs and morphological measurements. Within Point Reyes, we sampled in three regions: Limantour (LIMA), Commonweal (COMW), and Abbott's Lagoon (ABLA) (Figures 1A-C) . Within the urban limits, we sampled in seven regions: Fort Funston (FOFU), Fort Scott (FWSC), Battery East (BATE), Battery West (BATE), Lobos Dunes (LODU), Baker Beach (BABE), and Richmond (RICH) (Figures 1D-F) . We cleaned sparrows' cloacas with an alcohol swab before sample collection, then inserted sterile swabs (Puritan 25-3316-U 6 ′′ Sterile Mini-Tipped Nylon Ultra Flocked Swab with Polystyrene Handle) fully into cloaca, turning for 3-5 s. We preserved swabs in RNA Later and froze all samples at the end of each day. Samples were collected during the active breeding season May-June 2016. While in the hand, we took measures of fat score (scale 0-5), mass (g), and tarsus length (mm). We calculated a scaled mass index as a measure of body condition, using tarsus measurements to correct for structural body size following Peig and Green (2009 
DNA Extraction, PCR and Library Construction
We extracted DNA from cloacal swabs using the MoBio Powersoil extraction kit and recommended protocol, with modifications recommended by Vo and Jedlicka (2014) . Additionally, we combined solutions C2 and C3, which precipitate non-DNA substances to increase DNA yield. MoBio technicians recommended this modification (personal communication 2016). We chose the V4 region of the 16s rRNA gene to amplify using 515F/806R primers in 25 µL reactions. Each reaction contained: 12 µL sterile, molecular grade water, 1 uL bovine serum albumin, 10 µL 5' hot Mastermix by Thermo Fisher, 0.5 uL of each primer, and 2 µL of DNA template. Each reaction was performed in triplicate to reduce PCR bias. Water was used as a negative control for each set of reactions. Denaturation of DNA was initially performed at 94 • C for 2 min, then cycling was carried out as follows: 94 • C for 8 s, annealing at 50 • C for 20 s, extension at 72 • C for 30 s; for 35 cycles. A final elongation was performed at 72 • C for 10 min. PCR success was verified with gel electrophoresis.
We pooled each sample's amplicon triplicates and added dual-end Illumina barcodes in the style of TruSeq HT primers. We used gel electrophoresis alongside untagged PCR product to confirm successful addition of tags. We normalized concentrations of all samples using a SequalPrep normalization kit from Thermo Fisher, then pooled PCR product and purified using Agencort AmPure beads. GeneWiz, LLC sequenced our library on an Illumina MiSeq platform with v2 reagents, two by 250 base pairs.
Sequence Processing
Sequences were processed in Qiime 2 version 2018.4 (qiime2.org) (Caporaso et al., 2010) . We used the Divisive Amplicon Denoising Algorith (DADA) to remove sequence errors, and trim primers from sequences (Rosen et al., 2012 ). We aligned sequences, then generated a phylogeny using FastTree, then rooted the tree at the midpoint (Price et al., 2010) . We assigned taxonomy using GreenGenes (McDonald et al., 2012) . Finally, we filtered out all mitochondrial, chloroplast, and archaeal sequences.
Diversity Indices
All diversity metrics were calculated from an OTU table rarefied to a depth of 1000 sequences. We calculated Shannon Diversity with alpha_diversity.py in Qiime, to account for differential abundances of taxa within a bird's gut microbiome. We estimated beta diversity using PCoA values from weighted and unweighted Unifrac dissimilarity matrices, to compare composition of microbial communities among birds, taking into account phylogenetic relatedness of OTUs. The first unweighted principal coordinate axis explained < 10% of the variation, whereas the first axis of the weighted principal coordinate explained more than 50% of variation. Therefore, we used weighted Unifrac distances for all further calculations.
Land Cover Analysis
Territory Level
White-crowned sparrows typically defend a 50 m radius around the center of their territory (Morton, 1992) ; therefore, as an approximate estimate of land cover for each bird, we analyzed a 100 m diameter circle around the center of the territory. Territory centers were approximated based on repeated visits and observations of banded birds in 2016 following Phillips and Derryberry (2017, 2018) . Within each territory circle, we visually created polygons using the polygon measuring tool for each land type (impervious, tree, shrub, grass) using Google Earth Pro high resolution imagery (Google, Mountain View, California, USA). The total area for each cover type was calculated as a percentage of the total territory.
Regional Level
At the regional level, we assessed percent impervious cover using NCLD landsat imagery from 2006 provided to the public by the US Geological Service (Homer et al., 2011 (Homer et al., , 2012 . We assessed seven urban regions and three rural regions (Figure 1) . To analyze this dataset, we used ArcGIS (10.0, ESRI, Redlands, CA, USA) spatial analyst tool to extract impervious values from the .img from each region's shape file. We set a threshold of impervious surface based on visual matching of cement covered surfaces to Google Earth imagery such that grassland and scrub was not counted as impervious.
Statistical Analyses
Statistical analyses were performed in R (R Development Core Team, 2015) . Our diversity values were checked for normality to meet model assumptions using the "qqp" function of packages "car" and "MASS" (Venables and Ripley, 2002; Fox and Weisberg, 2011) . We used linear or linear mixed effects models with Akaike's Information Criterion (AICc) to test the predictions of (1) Habitat (urban/rural) (2) Regional impervious cover, and (3) territory level land cover would explain gut microbial diversity. We also assessed the effects of alpha and beta diversity on body condition, with habitat (urban/rural) as a random effect for mixed models. All model selection was conducted using packages "AICcmodavg" and "lme4" (Bates et al., 2015; Mazerolle, 2016) . For models that fell within 2 AIC c of each other (Arnold, 2010) , we model averaged using MuMIn (Barton, 2011) to infer fixed effect relative variable importance (RVI).
RESULTS
Relative Abundance of Bacterial Taxa
Microbial communities were composed of a few dominant genera, with much of the rest of the community made up of more uncommon (<5%) genera. The top four genera were Mycoplasma (25.77% of urban, 28.43% of rural), Erwinia (9.03% of urban, 6.77% of rural), Campylobacter (5.4% of urban, 0.06% of rural), and Rickettsiella (0.18% of urban, 15.84% of rural). Figure 2 shows that 50% or more of the rural sites were composed of the top two taxa, whereas urban birds have more diverse communities. Five phyla dominated gut microbial communities, Proteobacteria (40.4% of urban, 34.4% of rural), Tenericutes (27% of urban, 33.3% of rural), Firmicutes (10% of urban, 15.4% of rural), Actinobacteria (3.4% of urban, 2.4% of rural), and Bacteroidetes (1.7% of urban, 1% of rural).
Urban Birds Have a More Diverse Gut Microbiota Than Rural Birds
Overall, habitat (urban or rural) is a stronger predictor of gut diversity than regional impervious cover or territorial impervious cover [ER = 2.9, β = 0.81, SE = 0.38, R 2 = 0.05, F (1,75) = 4.38, p = 0.03, Table 1 ]. Model averaging of the top three models within 2 AIC c show habitat with a RVI of 1, territory impervious with an RVI of 0.27, and the regional impervious cover with an RVI of 0.26. Urban birds have more diverse gut microbiomes than rural birds (Urban Shannon Diversity Index = 3.85, Rural Shannon Diversity Index = 3.05). For beta diversity, the interaction between habitat and territory was the top model, followed by territory impervious cover [ER = 3.43, R 2 = 0.05, F (1,75) = 4.38, p = 0.04, Tables 1, 2] .
Gut Microbial Alpha and Beta Diversity Does Not Vary With Regional Impervious Surfaces
With habitat as a random factor, regional impervious cover was not a strong predictor of gut alpha diversity, with a null Table 3 for percent impervious cover by region. Regional impervious cover also does not predict beta diversity, with the territory impervious cover and a null model again ranking above models including regional impervious as a fixed factor (Territory impervious model: ER = 4.69, AIC c = 60.71, w i = 0.31, RVI = 0.78, Null model: ER = 2.4, AIC c = 62.03, w i = 0.16). 
Tree and Impervious Cover on Territories Predicts Gut Diversity
To assess whether a specific land cover predicted gut diversity, we tested 15 models combining the effects of tree, shrub, grass, and impervious cover with habitat as a random effect. The highest ranked model was percent tree cover as a fixed effect [ER = 25, β = 2.6, SE = 0.87, R 2 = 0.11, F (1,75) = 9.13, p = 0.003, Table 4 , Figure 3 ]. Model averaging of the 4 top-ranked models within 2 AIC c shows relative variable importance as 0.7 for trees, 0.47 for scrub, 0.3 for grass, and 0.3 for impervious. For beta diversity, impervious cover is the top ranked model, followed by the null and then a model with impervious + 
DISCUSSION
Overall, we find that male birds in rural landscapes have less diverse gut microbiomes than do male birds in urban landscapes. Variation in impervious surface cover at the regional level does little to explain gut microbiome diversity, but land cover due to trees on males ′ territories correlates with their gut microbiome diversity. Our findings suggest that the health of a male birds' gut is affected by the land cover on their territory and whether that territory is located in an urban or rural habitat. These results may have implications for how landscapes are managed in terms of urban species diversity and population health. That is, diverse habitats may lead to diverse gut microbiomes, which may have negative or positive consequences for population heath, depending on microbe function.
When comparing beta diversity across microbial communities, weighted rather than unweighted unifrac distances had the higher explanatory power. This indicates that differences in beta diversity were driven more by relative abundance of each taxa than by presence or absence of microbial community members. For example, although Campylobacter composed about 5% of urban bird microbiomes and Rickettsiela was present at very low levels, the reverse was true for rural birds. White-crowned sparrows across landscapes in this study system share a "core" microbiome, with some bacteria more dominant in some communities than others.
Contrary to our predictions, urban birds have a more diverse gut than rural birds. A previous study found that urban house sparrows had less diverse gut microbiomes than rural sparrows, potentially due to more homogenous environments (Teyssier et al., 2018) . In our study area, the urban sites sampled tend to have a more diverse range of cover, including impervious, trees, scrub, and grass, which may explain our findings of higher gut diversity (Figure 2, Table 2 ). White-crowned sparrows are abundant within or adjacent to San Francisco urban parks, which tend to have a mix of native scrub, introduced shrubs, and introduced canopy such as eucalyptus groves. Mixed with buildings, roads, and anthropogenic food sources, urban birds are likely exposed to more different microbes than rural birds, who would only experience and forage in mostly native scrub. Even though scrub is the native cover for white-crowned sparrows, it is more homogenous than a city landscape near parks, and therefore may lead to lower gut diversity. Higher gut diversity in other animals often is an indicator of health (Burcelin, 2012; Consortium, 2012) . If this is the case in this system, urban ecosystems might actually benefit this species. It is important to note that white-crowned sparrows tend to thrive in urban and suburban areas, and therefore a species that is already "urban adapted" may be able to benefit from novel microbiota, whereas more sensitive species that are already declining in urban areas might show opposite patterns. It is also possible that an increase in gut diversity may be an increase in pathogenic bacteria, however 16s rRNA sequencing method is unable to discern the functionality of the genera present in our samples (Sharpton, 2014) . This line of research is an open area of inquiry, and can help understand why some species thrive in cities while others do not. At the more detailed territory level, we found that birds with territories that have more tree cover had more diverse microbiomes. This is an interesting result, as San Francisco's native scrub dunes of pre-western settlers have been transformed into urban forests of Eucalyptus spp., Monterey pine (Pinus radiata) and Monterey cypress (Cupressus macrocarpa) (McClintock, 2001) . While many areas throughout the Golden Gate National Recreation Area are undergoing restoration to native scrub, these cultivated trees still have a large presence throughout San Francisco. The addition of these trees seems to benefit gut diversity, opposite of our prediction that scrub cover would increase gut diversity. We postulate that trees provide a layer of heterogeneity to territories, and that trees may attract a different set of insects or other food sources that could affect microbiome diversity. A recent lab study found that gut bacterial richness increased for predatory insects when they had a more diverse prey base (Tiede et al., 2017) . Future studies investigating the diet differences could parse out the insect, fruit, or anthropogenic food sources that may be related to more forested areas and potentially be a cause of increased gut diversity in these birds.
In models comparing the importance of all three landscape levels (habitat, regional impervious, and territory impervious), our data suggests that impervious cover-the anthropogenic landscape effects of concrete buildings, roads, and sidewalksmay affect beta diversity. The interaction term between habitat and territory impervious cover likely indicates that urban territories are more heterogeneous and allow urban birds to encounter a wider array of environmental conditions, potentially increasing beta diversity. However, within territory cover models with habitat as a random factor, we found weak support for territory level impervious cover affecting beta diversity. While model selection ranks a model with impervious cover first, the null model is ranked second and within 2 AICc, therefore we do not conclude that territory impervious cover affects beta diversity strongly (Arnold, 2010) . Future research could directly test whether microbes from impervious surfaces influence gut diversity by swabbing of the environment itself.
Furthermore, we did not find support for body condition as measured through scaled mass index or fat score having a relationship to the gut microbiome. It may be that these relatively simple indices are not connected to gut health, or are insufficient to fully understand how the gut microbiome affects physiology of free-living wild birds. In more widely studied laboratory animals or humans, there is support for gut diversity affecting health (Burcelin, 2012; Consortium, 2012; Knights et al., 2013; Walters et al., 2014) . However, not all taxa seem to be affected by horizontal transmission of gut flora (Hammer et al., 2017) . More research into the microbiomes of a wide array of species, including comparisons between anthropophilic and anthrophobic species can lead to important insights into human landscape effects on animal health.
Our results suggest that gut microbiomes of free-living birds are diverse in urban habitats. However, whether broad habitat level landscapes may have positive ultimate consequences for certain populations remain to be seen. Many other urban features beyond gut diversity can affect survival and reproduction. Roads tend to lead to higher mortality (Bishop and Brogan, 2013) , and urban parks often attract aerial predators like corvids which leads to higher nest mortality (Thieme et al., 2015) . Cities are also louder and tend to have behavioral and physiological effects on wildlife (Francis and Barber, 2013) . Within this system, urban white-crowned sparrows tend to be in better body condition than rural sparrows and body condition declines with increasing noise . The interaction between humans, animals, and the microbes that ultimately affect the health of animals are uniquely entwined, and we encourage future investigations beyond behavior of single systems into multilevel community analyses.
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